The atypical antipsychotics clozapine and olanzapine have been reported to produce a greater increase in extracellular dopamine (DA) concentration in the medial prefrontal cortex (mPFC) than in the striatum and nucleus accumbens, whereas the prototype typical antipsychotic haloperidol is considered to be much less effective in increasing extracellular DA levels in the mPFC than in the nucleus accumbens and striatum (Moghaddam and Bunney 1990; Nomikos et al. 1994; Pehek and Yamamoto 1994; Volontè et al. 1997; Kuroki et al. 1999) .
The atypical antipsychotics clozapine and olanzapine have been reported to produce a greater increase in extracellular dopamine (DA) concentration in the medial prefrontal cortex (mPFC) than in the striatum and nucleus accumbens, whereas the prototype typical antipsychotic haloperidol is considered to be much less effective in increasing extracellular DA levels in the mPFC than in the nucleus accumbens and striatum (Moghaddam and Bunney 1990; Nomikos et al. 1994; Pehek and Yamamoto 1994; Volontè et al. 1997; Kuroki et al. 1999 ).
Involvement of dopaminergic hypofunction in the mPFC has been suggested in the pathogenesis of both negative symptomatology and cognitive deficits observed in schizophrenia (Meltzer and Stahl 1976; Snyder 1976; Weinberger 1987; Daniel et al. 1991; Deutch 1992; Lidow et al. 1998) . Accordingly, the ability of clozapine and olanzapine to increase DA release in this area has been suggested to mediate their efficacy in improving such disturbances in schizophrenia. However, the mechanism by which the two atypical antipsychotics selectively increase DA release in the mPFC is not clear.
To our knowledge, no studies have been performed to examine whether the stimulating effect of clozapine and olanzapine on DA release in the mPFC is due to an increased activity of mPFC-DA neurons or whether it depends on a direct action on the mPFC. Indeed, while various studies have investigated the effect of atypical antipsychotics on the electrical activity of DA neurons in the ventral tegmental area (VTA) (Hand et al. 1987; Stockton and Rasmussen 1996) , to date, none of them has analysed the effect of these compounds on the electrical activity of antidromically identified mPFC-DA neurons, which constitute a small percentage of the total VTA DA neurons (Oades and Halliday 1987) .
The aim of the present study was to compare, under the same experimental conditions, the effect of the prototype typical antipsychotic haloperidol with that of the atypical antipsychotics clozapine and olanzapine on the electrical activity of antidromically identified mPFC-DA neurons on one hand, and on the release of DA in the mPFC on the other.
METHODS
Male Sprague Dawley albino rats (Charles River, Como, Italy) weighing 200-280 g were used in all experiments. All animals were kept on a 12/12 h light/dark cycle with food and water available ad libitum. Experimental protocols were approved by the Ethical Committee (EC) at the University of Cagliari and performed in strict accordance with the EC regulations for the care and use of experimental animals (CEE NE86/609).
Electrophysiological Experiments
The rats were anaesthetised with chloral hydrate (400 mg/kg, i.p.) which was supplemented as required by means of intravenous (i.v.) infusion during the experiment. Thereafter, the femoral vein was cannulated for i.v. administration of pharmacological agents and animals were placed in a stereotaxic apparatus (Kopf). Body temperature was maintained constant at 38 Ϯ 1 Њ C by means of an electrically controlled heating pad. The scalp was retracted and two burr holes were drilled, one for the placement of a recording electrode above the VTA (AP 2 mm anterior to lambda; L 0.3-0.5 mm from midline, and 6.5-8 mm from cortical surface) (Paxinos and Watson 1986) and the other to introduce a Formvar coated stainless-steel bipolar electrode for antidromic identification in the mPFC (AP 2.7-3.2 mm anterior to bregma; L 0.9 mm from midline; V 2-3.5 mm from dura mater).
Stimuli consisting of monophasic rectangular pulses (0.1-2.0 mA; 0.1-0.5 ms; 0.8 Hz) were generated. The stimulating current was monitored on the oscilloscope. DA neurons were identified according to well established electrophysiological characteristics (Bunney et al. 1973) and by antidromic activation from the mPFC including collision of an antidromically-elicited spike with spontaneously occurring action potentials (Lipski 1981; Gariano and Groves 1988) . The extracellular neuronal signal from single neurons was amplified (Neurolog System, Digitimer Ltd, Welwyn Garden City, UK) and displayed on a digital oscilloscope (Philips pm 3305) before storage on magnetic tape for off-line analysis of the data. The firing rate and pattern analysis were performed using a Commodore 128 computer programmed in machine language as already described (Diana et al. 1989) . Burst firing consists of trains of two or more spikes occurring within a interval shorter than 80 ms and followed by a period of inactivity longer than 160 ms (Grace and Bunney 1984) . Burst firing was measured as the mean number of spikes within a burst (spikes/burst), and as the total percentage of firing occurring in burst (% of burst firing).
Only one cell was recorded per rat. Recordings were made only from cells whose electrophysiological characteristics matched those previously established by Grace and Bunney (1983) (e.g.: (i) action potentials with bi-or triphasic waveforms with a width of 2.5-4 msec in duration and an inflection (notch) in the initial positive component; (ii) a typically slow spontaneous firing rate of 1-10 Hz; and (iii) occurrence of single and burst spontaneous firing pattern), and antidromic activation from the PFC according to Lipski (1981) and Gariano et al. (1989) ((i) long and fixed antidromic latency; and (ii) collision test: collision of an antidromically-elicited spike with spontaneously occurring action potentials). The hit-rate was very low, being about 20%.
Clozapine (Sandoz, Milan, Italy) and olanzapine (Eli Lilly, Indianapolis, IN, USA), haloperidol (Lusofarmaco, Milano, Italy), and SCH 23 390 (Research Biochemical, Inc., Natick, MA) were dissolved in 5% tartaric acid and then diluted in buffered saline solution. Since vehicle alone was ineffective in altering the firing rate, vehicle control was not included in the present study. Injection volumes were 1 ml/kg of body weight.
Following the collection of antidromic data for each neuron, electrical stimulation was interrupted and the spontaneous firing rate was recorded for 5 min to establish a baseline measure of firing rate. Drugs were then administered, i.v. at exponentially increasing doses at 120 s intervals. Changes in firing rate and burst rate were calculated by averaging the effects of the drugs for the 2 min period following drug or vehicle administration and comparing them to the mean of the pre-drug baseline. Dose-response relationships for each antipsychotic were iteratively fitted by the use of Graph Pad Prism, Version 1.03, with four parameters logistic equation where y is the percent of firing rate; min and MAX are the minimum and maximal percent increase of firing rate, respectively; ED 50 is the dose of antipsychotic producing the half-maximal response; x is the logarithmic of dose; and n is the Hill slope of the curve.
Statistical significance was evaluated on raw data by analysis of variance (ANOVA) for repeated measures, followed by Newman-Keuls test as post-hoc. Burst data were analysed using Students' t-test. Basal data distribution was verified by Chi square test.
Microdialysis Experiments
Rats were anesthetised with Equithesin (5 ml/kg, i.p.) and placed in a Kopf stereotaxic frame. The skull was exposed and a hole was drilled through the two temporal bones for insertion in the mPFC (AP ϩ 2.7, V Ϫ 2.6 from bregma, according to Paxinos and Watson (1986) atlas) of the transversal dialysis probe (AN 69-HF; Hospal-Dasco, Bologna, Italy; cut-off 20,000 Dalton, in vitro recovery about 30%). After 20-24 h, an artificial cerebrospinal fluid (aCSF) (147 mM NaCl, 4 mM KCl, 1.5 mM CaCl 2, pH 6-6.5) was pumped with a CMA/100 microinjection pump (Carnegie Medicine, Sweden) through the dialysis tube at a constant rate of 2.3 l/ min. DA and dihydroxyphenylacetic acid (DOPAC) were estimated in samples collected every 20 min and directly injected into a HPLC apparatus, consisting of a Gilson pump, a 7125 Rheodyne injector, a Hewlett Packard series 1100 column thermostat equipped with a Symmetry column (C18, 5 m, 4.6 ϫ 150 mm), and an ESA Coulochem II detector. Data were recorded using a Waters 746 Data Module integrator, and quantified according to standard calibration.
The mobile phase for analysis of DA and DOPAC consisted in 50 mM sodium acetate, 0.2 mM EDTA, 0.43 mM sodium octyl sulphate, 14% methanol, pH 4.9 with acetic acid, delivered at 1.0 ml/min; column temperature was set at 34 Њ C, the Coulochem analytical cell first electrode was set at ϩ 350 mV, and the second at Ϫ 180 mV. Once a stable DA baseline had been achieved, rats were anesthetized with chloral hydrate (400 mg/kg, i.p), the femoral vein was cannulated for i.v. administration of pharmacological agents and rats were placed
in a stereotaxic apparatus. aCSF perfusion and sample collection were recommenced and, subsequent to obtaining of at least three consecutive samples differing by no more than 10%, drugs were intravenously administered; chloral hydrate was supplemented as needed by means of i.v. infusion throughout the experiment. For inverse dialysis administration, drugs were dissolved in 5 l of glacial acetic acid, then diluted in aCSF and buffered to pH 6-6.5 with NaOH. Pilot experiments showed that neither vehicle administration nor the perfusion with buffered aCSF modified basal DA and DOPAC extracellular levels.
For microdialysis experiments, the raw basal data (pg) were analysed by Chi-square test, then normalised to percent of mean basal level of each rat, because no significative difference was found between treatment groups. Statistical significance was then evaluated by analysis of variance (ANOVA) for repeated measures, followed by Newman-Keuls test as post-hoc.
RESULTS
As shown in Figures 1 and 2 , i.v. administration of haloperidol ( n ϭ 6; 0.025-0.2 mg/kg), clozapine ( n ϭ 6; 0.062-2.5 mg/kg), and olanzapine ( n ϭ 6; 0.125-1 mg/kg) produced a dose-related increase in the firing rate of antidromically identified mPFC-DA neurons.
Basal firing rates were 1.49 Ϯ 0.06, 1.46 Ϯ 0.2, 2.48 Ϯ 0.6 Hz for haloperidol, clozapine, and olanzapine groups, respectively. Basal value distribution did not differ significantly between groups (Chi square test).
Following the highest cumulative dose tested, haloperidol (0.2 mg/kg), clozapine (5 mg/kg), and olanzapine (1 mg/kg) maximally increased the firing rate by 138.55 Ϯ 8.44, 154.62 Ϯ 10.3, and 68.92 Ϯ 13.77%, respectively [(ANOVA for repeated measures: haloperidol (F(4,25) ϭ 17.26; p Ͻ .01), clozapine (F(3,20) ϭ 14.22; p Ͻ .01), and olanzapine (F (4,25) ϭ 7.37; p Ͻ .01), respectively] (Figure 1 ).
All antipsychotics tested produced a significant increase in the percent of burst firing when compared with pre-drug levels, with values of 70.6 Ϯ 6.2 vs. 29.9 Ϯ 9.2, 22.0 Ϯ 11.3 vs. 6.5 Ϯ 3.3, and 57.7 Ϯ 13.4 vs. 32.3 Ϯ 6.7 for haloperidol, clozapine, and olanzapine, respectively [Students' t-test, haloperidol ( n ϭ 6, t ϭ 3.66; p Ͻ .01), clozapine ( n ϭ 6, t ϭ 4.89; p Ͻ .01), and olanzapine ( n ϭ 6, t ϭ 2.92; p Ͻ .05)] (Figure 3, top) . Administration of the three antipsychotics also significantly increased the number of spikes per burst when compared with pre-drug level, at values of 4.2 Ϯ 0.5 vs. 2.6 Ϯ 0.2, 2.33 Ϯ 0.1 vs. 1.86 Ϯ 0.3, and 3.88 Ϯ 1.38 vs. 2.5 Ϯ 0.5 for haloperidol, clozapine, and olanzapine, respectively [Students' t-test, haloperidol ( n ϭ 6, t ϭ 3.66; p Ͻ .01), clozapine ( n ϭ 6, t ϭ 4.89; p Ͻ .01), and olanzapine ( n ϭ 6, t ϭ 2.92; p Ͻ .01)] (Figure 3, bottom) .
On the contrary, i.v. administration of the selective DA D 1 receptor antagonist SCH 23390 (n ϭ 6; 0.012-0.1 mg/kg) did not produce any change in electrical activity (firing pattern and rate) of mPFC-DA neurons in chloral hydrate-anaesthetised rats, with a basal firing rate 2.17 Ϯ 0.44 and 2.39 Ϯ 0.42 Hz before and after administration, respectively (ANOVA for repeated measures, n ϭ 6, F(4,25) ϭ 0.32; p Ͼ .05) (Figure 1) . In order to match the conditions of the microdialysis experiments, additional experiments were carried out in rats who had been anesthetised with equithesin 24 h prior to the electrophysiological recordings. Results from these experiments (two for each drug treatment) did not differ from the above reported experiments (data not shown).
The effect of the three neuroleptics on DA release in the mPFC was determined by microdialysis in rats kept under the same conditions as for electrophysiological recording; namely, the day after insertion of a transversal dialysis probe in the mPFC, animals were anesthetised with chloral hydrate and placed in the stereotaxis apparatus (see Methods).
The mean Ϯ SEM basal dialysate concentration of DA obtained from all animals before and after anaesthesia was 3.66 Ϯ 0.19 and 3.59 Ϯ 0.20 pg/ 40 l, respectively. As shown in Figure 4 , the i.v. administration of doses of haloperidol (0.2 mg/kg) and clozapine (1.25 mg/kg), equally effective in stimulating the firing rate of mPFC-DA neurons, produced an increase in extracellular DA concentration of 21.6 Ϯ 11.2 and 188.6 Ϯ 16.6% (F(6,62) ϭ 64.5; p Ͻ .01), respectively. However, while haloperidol increased extracellular levels of DOPAC by 62.0 Ϯ 18.2% (F(6,64) ϭ 11.86; p Ͻ .01), clozapine had no significant effect. The i.v. administration of olanzapine at a dose of 0.25 mg/kg, which had stimulated the firing rate by about 50%, increased DA and DOPAC release by 71 Ϯ 4.6 (F(6,52)ϭ 25.35; p Ͻ .01) and 43.1 Ϯ 14% (F(6,55) ϭ 5.93; p Ͻ .01), respectively. SCH 23390, i.v. administered at a dose of 0.1 mg/kg, failed to modify DA and DOPAC levels in the mPFC. Also vehicle i.v. injection was devoid of any effect (data not shown).
To determine whether the effect of the three antipsychotics on extracellular DA and DOPAC levels was dependent on a direct action in the mPFC, the drugs were infused locally in the mPFC via inverse dialysis.
As shown in Figure 5 , perfusion of clozapine and olanzapine into the mPFC produced a concentrationdependent increase in extracellular DA levels. Maximal increases of 464% for clozapine (F(9,58) ϭ 39.8; p Ͻ .01) and 374% for olanzapine (F(9,62) ϭ 29.19; p Ͻ .01) were produced by drug concentrations of 10 Ϫ4 M. In contrast, haloperidol, locally perfused, failed to modify DA levels with the exception of the highest concentration tested which decreased DA by up to 68.4% (F(9,50) ϭ 18.6; p Ͻ .01). DOPAC levels were decreased up to a maximum of 23.7% F(9,59) ϭ 2.76; p Ͻ .05) by the highest clozapine concentration tested, but they were not modified by the other treatments.
DISCUSSION
Results obtained in the present study provide the first evidence that haloperidol, clozapine, and olanzapine share the ability to stimulate the electrical activity of mPFC-DA neurons.
Previous reports studied the effect of acute and chronic administration of typical and atypical antipsychotics on the electrical activity of VTA DA cells (Chiodo and Bunney 1983; White and Wang 1983; Hand et al. 1987; Stockton and Rasmussen 1996) , of which mPFC-DA neurons constitute only a small fraction (Oades and Halliday 1987) . Therefore, results obtained from unidentified VTA DA neurons do not necessarily apply to mesocortical ones (Melis et al. 1999) . With regard to nigro-striatal DA neurons, neuroleptic-induced increase in firing rate is considered to represent a com- pensatory feedback response to blockade of both preand postsynaptic D 2 receptors (Pucak and Grace 1994) .
Assuming that the same mechanism operates in the mPFC pathway, our results should indicate that the increased activity of DA neurons produced by typical and atypical antipsychotics reflects a blockade of the above mentioned receptors (Wolf and Roth 1987) . In agreement with this interpretation, the rank order of potency of the three antipsychotics in increasing DA firing correlates well with their affinity for D 2 receptors (Seeman et al. 1976; Creese et al. 1976 ).
On the other hand, blockade of D 1 receptors does not seem to be involved in the stimulant action produced by antipsychotics on mPFC-DA neurons since the selective D 1 receptor antagonist, SCH 23390, modified neither the electrical activity of DA neurons nor extracellular DA and DOPAC concentrations in the mPFC. Thus, the stimulant effect on DA neurons seems to reflect the common property of typical and atypical antipsychotics to block D 2 receptors. Moreover, the rank order of potency of the three antipsychotics in stimulating DA neurons correlates with their clinical dosage and the ability of typical and atypical antipsychotics to control positive symptoms of schizophrenia.
In contrast to the findings obtained in the electrophysiological experiments, the results of the dialysis experiments revealed qualitative differences between ha- loperidol and the atypical antipsychotics, olanzapine and clozapine, in their ability to modify extracellular DA concentrations in the mPFC. Accordingly, intravenous administration of clozapine at doses equally effective in stimulating DA neurons, markedly increased DA output, whereas haloperidol produced only a modest increase. Furthermore, olanzapine, at doses less effective than haloperidol in stimulating DA neurons, increased DA levels similarly to clozapine.
These results suggest that olanzapine and clozapine induced DA release does not depend on their stimulating effect on DA neurons and suggest that it may be mediated by a local action in the mPFC. This possibility is supported by the results obtained in experiments involving local perfusion of the three antipsychotics in the mPFC, showing that while haloperidol slightly decreased DA output, clozapine and olanzapine markedly augmented DA release in the mPFC.
Another possibility could be that antipsychoticsinduced systemic effects on DA extracellular levels are due to both a local action on mPFC and a stimulation of VTA cell firing. Thus, clozapine and olanzapineinduced increments would be the sum of effects occurring at the soma and at the terminal region of mesoprefrontal DA neurons. Conversely, the lack of effect of haloperidol would represent the algebric sum of an inhibitory local action in the mPFC and an increased firing-dependent release. This last effect is indirectly supported by the increase in extracellular DOPAC levels observed after ha- Figure 4 . Effect of i.v. administration of antipsychotics on extracellular DA and DOPAC levels in the mPFC, in chloral hydrate-anesthetized rats. Data (mean Ϯ S.E.M. of at least six rats) are expressed as percentages of the mean basal concentration (DA: 3.66 Ϯ 0.20, 3.26 Ϯ 0.38, 3.37 Ϯ 0.40, 3.07 Ϯ 0.36; DOPAC: 132.66 Ϯ 18.23, 157.66 Ϯ 18.94, 218.11 Ϯ 24.54, 177 .25 Ϯ 36.59 pg/40 l sample for haloperidol, clozapine, olanzapine, and SCH 23390, respectively). Arrows indicate the time of drug administration. * p Ͻ .05; ** p Ͻ .01 with respect to pre-drug level (Newman-Keuls' test).
loperidol. Clozapine and olanzapine interact with a broad range of receptors, including D 1 , D 2 , D 4 , 5HT 2A serotoninergic and ␣-adrenergic receptors, each of which has been suggested to be involved in the ability of these antipsychotics to increase DA release in the mPFC (Rollema et al. 1997; Brunello et al. 1995; Schmidt and Fedayel 1995; Pehek 1996) . However, the mechanism by which such interactions might result in increased DA release in the mPFC is still unclear.
The effect of the antipsychotics on DOPAC concentrations might offer a hint to clarify this problem. The three antipsychotics differentially modified extracellular concentrations of DOPAC in the mPFC. Systemically administered haloperidol and olanzapine increased DOPAC concentrations while clozapine was ineffective.
The DA metabolite is considered to represent intraneuronally deaminated DA, so that an increase in its extracellular concentrations may reflect increase in release and reuptake of DA by nerve terminals. Accordingly, it might be suggested that, by activating DA neurons, haloperidol evokes an increased DA release into the synaptic cleft, but DA is rapidly removed from the synapse into the nerve terminal by means of a highly efficient reuptake mechanism. On the other hand, clozapine might interfere with the reuptake process thereby reducing DA deamination and enhancing DA that escapes from the synaptic cleft (Lee et al. 1997 ). This possibility is supported by the finding that clozapine, locally perfused, markedly increased DA output but reduced DOPAC levels. However, this mechanism does not seem to apply to olanzapine which increased both extracellular DA and DOPAC, suggesting that other factors which are not yet apparent may also be involved.
For example, considering that the mPFC is densely innervated by ascending noradrenergic neurons, the possibility that extracellular DA and DOPAC in the mPFC might originate from noradrenergic neurons should also be considered (Fadda et al. 1984; Scatton et al. 1984; Li et al. 1998) . Irrespective of the mechanisms involved, the ability of olanzapine and clozapine to increase DA release in the mPFC raises the important problem of the functional consequences of this effect. If one assumes that D 2 receptors are blocked, it should also be concluded that endogenously released DA should act on D 1 receptors, for which clozapine and olanzapine have a relatively weak affinity (Bymaster et al. 1999 ) and which are densely localized in the frontal cortex (Sawaguchi and Goldman-Rakic 1991) .
In light of the overall findings, we might speculate that the common therapeutic effect of typical and atypical antipsychotics on the positive symptomatology in schizophrenia is related to their D 2 receptor blockade, as reflected by increased firing rate of DA neurons, whereas the increase in DA output onto D 1 receptors in the mPFC might be responsible for the improvement of negative and cognitive symptomatology elicited by atypical antipsychotics.
